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Sintering mechanisms in ceramic processing are not often well under-
stood. Such knowledge, though, would promote the reliable processing of 
high-tech ceramies such as varistor ZnO or high temperature superconductor 
ceramics . The present work investigates the use of ultrasonic wave veloc-
ity and attenuation measurements at 5.0 MHz as an in-situ probe of the 
developing material properties of a ceramic during the sintering process. 
The observed changes in velocity and attenuation of the ultrasonic wave can 
be used as a tool to identify the microstructural evolution of the ceramic. 
Sound velocity and attenuation changes can be related to many thermal 
events such as stoichiometry changes, phase transitions, bulk diffusion 
phenomena, densification, melting or crystallization, grain growth, crack-
ing and microcracking. It may also be useful to investigate the sintering 
kinetics of the initial, intermediate, and final stages of the densifica-
tion process. When a certain thermal event of the microstructural devel-
opment has been identified by the sound wave velocity and/or attenuation, 
an appropriate quenching of the sample can be done in order to characterize 
and correlate the microstructure by vari ous other measurements such as 
sectioning and SEM microprobe analysis. 
In order to make temperature dependent measurements of the ultrasonic 
wave velocity in green-state ceramic preforms, a pulse echo/through 
transmission buffer rod technique was employed. The advantage of this 
technique is that the ultrasonic velocities can be determined in very high 
attenuating materials and at high temperatures where normal pulse echo and 
resonance techniques fail. The accuracy of the technique is demonstrated 
by measuring the longitudinal velocity in fused silica to 1200°C and 
comparing the results with values published in the literature. 
Preliminary data using the pulse echo/through transmission buf fer rod 
technique are shown for two ceramies fo~ which green-body preform samples 
were available at this time. The longitudinal velocity at 5.0 MHz was 
measured versus temperature on three ZnO varistor green-body preforms 
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and on one high temperature superconductor YBa2cu3ox (Y'123') 
preform. 
ULTRASONIC TECHNIQUE 
The computerized ultrasonic pulse echo/through transmission buffer 
rod technique shown in Fig. 1 was used to measure the travel time of the 
ultrasonic pulse through the green-body sample as a function of temper-
ature. Temperature control and data acquisition of the ultrasonic wave-
forms were accomplished with the LeCroy 3500 computer system and LeCroy 
200 MHz TR8828B transient recorder. 
Three separate waveforms are necessary for each velocity determina-
tion, and their acquisition is obtained in a timely manner with the 
Tektronix SI5010 programmable switching network. A permanent record of 
the three waveforms at each temperature point during the sintering cycle 
is stored on a floppy disk so that a complete analysis of the data can be 
made after the test, both time and spectral domain analysis. 
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Fig. 1. Schematic of Computerized Pulse Echo/Through Transmission 
Buffer Rod Technique. 
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The buffer rods are INCOLOY alloy 800 which show uniform ultrasonic 
properties throughout the temperature range of 1200°C. The rods are 0.75 
inch in diameter, approximately 12 inches long and are machined with 32 
threads per inch in order to reduce the energy lost to mode converted 
shear waves at the OD surface of the rods. Commercial 0 . 5 inch contact 5 
MHz transducers were coupled to the water cooled ends of each rod. The 
rods were mechanically arranged so that they can be aligned perpendicular 
to the sample faces with one rod free to move in the axial direction for 
thermal expansion. 
Since green-body ceramies are very porous, dry coupling at the sample 
faces was used so that contamination of the sample by the couplant was 
prevented. To aid in the dry coupling, a 0.0005 inch thick silver foil 
was used between the sample and the rods in some cases. The sample was 
held between the rods by applying a spring force at the end of the free 
rod. The force was read wi th a dynamometer and was adjusted to values 
between 5 to 30 pounds. 
Recorded waveforms and temperature data can be taken either by fol-
lowing a heating or cooling time schedule or by waiting for thermal 
equilibrium to occur at each temperature increment. Fig. 2 shows the 
measurement methodology where the travel time t of the ultrasonic pulse to 
traverse the sample is calculated by 
t = t - (t + tb)/2 
c a 
(1) 
All waveforms are digitized from the same stop delayed trigger time 
t 0 so that the measurable times ta and tb on each pulse echo waveform, and 
tc on the through transmission waveform provide the calculation of the 
travel time through the sample alone. Reference peaks to provide the 
times t , tb' and t a c 
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on each waveform are chosen arbitrarily but once chosen the same peaks 
are followed throughout the test. The room temperature value of t is 
designated at t f and the change (t - t ) is calculated at each 
temperature. Tli~ ultrasonic velocity inr~~e sample at a given temperature 
T is then determined by 
V(T) = L(T) 
t(T) 
LR [1 + a (T-TR) ] 
tR + (t - tref) (2) 
where LR is the thickness of the sample at room temperature, a is the 
thermal expansion coefficient, and tR is an accurate travel time through 
the sample measured at room temperature by pulse echo overlap or 
equivalent methods. 
Accuracy of the Technique 
In order to demonstrate the accuracy of the technique, the longitu-
dinal velocitywas measured in a 1.5 inch thick sample of fused silica to 
1200°C. A plot of the velocity using equation 2 is seen in Fig. 3. Data 
of the longitudinal velocity as measured by Brillouin scattering [1] and a 
resonance technique [2] are also shown. The data of the present work 
agrees well with the Brillouin scattering data to within 0.5% throughout 
the total temperature range. 
APPLICATIONS IN SINTERING OF GREEN-BODY CERAMICS 
To investigate the use of the technique for characterizing and study-
ing the material property changes that occur during sintering of 
green-body ceramics, several samples of ZnO varistor and YBa2cu 0 
superconductor preforms were found to be available from other pto~rams. 
The preforms were made from powders which were isostatically pressed into 
pellets of approximately 0.75 inch diameter with thicknesses of about 0.75 
and 0.2 inches. The ZnO powder contained small amounts of Bi2o1 , CoO, 
and MnO as dopants to give the sintered ceramic the proper electrical 
properties of the varistor. The superconductor powder was approximately 
100% Y'123' as confirmed by the x-ray diffraction spectrum. 
Zinc Oxide Sintering Results 
Separate velocity versus temperature investigations were performed on 
ZnO samples from three different lots of material. Fig. 4 shows the 
calculated velocity versus temperature for the three samples GB-075, 
GB-082, and GB-099. A constant heating rate of 5 degrees perminutewas 
used to obtain the data. All three samples show an initial decrease in 
velocity versus temperature up to 400°C. The velocity thereafter increases 
as a f unction of temperature. Sample GB-075 shows a l a rge increase in 
velocity at 650°C where the initial stage of densif i cation starts in the 
sintering process. GB-075 shows that the velocity increases in value to 
over three times its green-body value as it was taken to the 732°C 
sintering temperature. The initial and intermediate stages of densifica-
tion are apparent. Sample GB-082 was also taken to 732°C but the effects 
of a chloride contamination of the sample shows that the sintering was 
suppressed at the initial stage of sintering. 
Sample GB- 099 was held a t 500°C f or one hour and cooled to room 
temperature. The microstructure of this sample was examined by SEM to 
investigate the thermal event occurring at 400°C. The SEM miereprobe 
analysis showed that Bi migrated and became more concentrated along the 
grain boundaries as a result of the 500°C temperature. Further tests to 
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Fig. 3. Longitudinal Velocity in Fused Silca Versus Temperature. 
show that the Bi concentration is directly associated with the 400°C 
inflection in velocity has not yet been done; but, it is significant that 
the velocity is identifying a previously unknown thermal event which 
changes the material properties of the sample at a temperature which is 
about 250 degrees below the densification process of sintering. It is 
known that a hold temperature at 500°C in the eintering process does 
improve the electrical properties of the varistor so that further research 
is needed to study this event and investigate its significance in rela-
tionship to the final electrical properties of the varistor. 
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Fig. 4. Sound Velocity Versus Sintering Temperatures in Zinc Oxide 
Green-Bodies 
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Yttrium Superconductor Sintering Results 
Travel time data was takenon a 0.13 inch thick sample of YBa2cu3ox 
during a sintering cycle to 950°C. The sample was held at 950°C for 
several hours and then was cooled to 900°C for several more hours. From 
900°C the sample was slowly cooled to 490°C at about 5 degrees a minute. 
The sound speed in the sample and the temperature are plotted versus heat-
ing time in Figures 5 and 6. It is apparent that the ultrasonic velocity 
is sensitive to many thermal events that are taking place in the sample. 
Six zones are partitioned on the plots where distinctive thermal events 
seem to be taking place. A number of these events correlate with property 
changes published in the literature. 
An expanded plot of zone I is shown in Fig. 7 where sound velocity 
and attenuation changes are occurring from 450°C to 700°C. This correl ates 
with a thermogravimetric analysis (TGA) [3] to study the oxygen loss on 
heating Y'123' at 2 degrees a minute. The TGA sample gained about 0.1 wt% 
when heated to 400°C. At 450°C the sample began losing weight where the 
maximum rate of loss of 0.3 wt% per 100°C occurred between 550°C and 670°C. 
The rate of loss of oxygen decreased to about half its maximum rate at 
670°C and stayed at that rate to 900°C. The 500°C to 700°C region is the 
same region where the ultrasonic attenuation changed dramatically and the 
velocity was constant. Zone II in Fig. 7 shows the initial stage of 
sintering starting at about 800°C. This is about 100°C before any 
shrinkage of the sample occurs. The sound velocity maximumwas obtained 
at the beginning of the hold temperature of 950°C. 
Zone III marks the constant temperature region where the velocity 
gradually decreased as a function of time. Here it is assumed that the 
940°C peritectic reaction YBa2cu3o + CuO produces Y2BaCuo5 + liquid which 
causes partial melting and grain g~owth [4 ,5]. The CuO is a small impurity 
in the green-body powder. The liquid is BaCuo2 which reacted with the 
buffer rods. On cooling the reverse reaction can take place as well as 
the solidification of the BaCuo2- CuO binary eutectic at 927°C and the 
lowest melting ternary eutectic between YBa2cu3o , CuO, and BaCu02 at 
880°C. These events may be related to the veloc!ty changes observed in 
zone IV and the velocity change at the beginning of zone V. 
Evidence supporting these conclusions was gathered fröm SEM/BSE 
analysis of the sample after the test. On cool down the sample was broken 
open and the characteristic green color of the Y2BaCu05 phase was observed 
on the fractured surface. The SEM analysis of tfie fractured surface 
showed a microstructure difference at the center of the sample compared to 
its perimeter which may explain the velocity characteristics observed be-
tween zone V and .zone VI. The transmitted waveform contained two compo-
nents which have been separated into a fast wave component and a slow wave 
component. The waterfall plot of Fig. 8 shows the temperature dependence 
of these two wave components. The fast wave component undergoes a change 
in velocity at 700°C and it eventually merges with the slow wave component. 
700°C corresponds to the phase transition of YBa2cu3ox from the tetragonal 
to orthorhombic phase. It is assumed that the siow wave component is due 
to that portion of the ultrasonic energy going through the center of the 
sample which by SEM analysis is mostly Y2BaCuo5 and the fast wave compo-
nent is due to the portion of the energy going through the perimeter of 
the sample which is mostly Y'123'. 
The complexity of the ultrasonic velocity and attenuation versus 
sintering temperatures of Y'123' is an important discovery indicating much 
fruitful ground for further exploration. As expected the ultrasonic ve-
locity and attenuation is an effective in-situ tool to indicate thermal 
changes in microstructure which may not be ascertained during sintering 
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with other techniques such as dilatometry. Other ernerging in-situ tech-
niques such as electrical conductivity, however, may also be sensitive to 
these or other events, thereby complementing our ultrasonic technique [6]. 
This is already indicated from our initial impedance and SEM/SEI data 
takenon the fractured Y1 123' sample of this study. 
SUMMARY 
The pulse echo/through transmission technique presented in this paper 
provides a means of studying the ultrasonic wave velocity and attenuation 
of green-body ceramies during the sintering and annealing process. The 
wave velocity and attenuation measurements have been shown to be sensitive 
to microstructural and microchemical changes occurring in ZnO and YBa2cu3ox 
samples as a function of sintering temperatures. The initial, intermediate, 
and final stages of sintering are marked by large sound velocity changes 
which reveal modulus changes even before shrinkage of the sample occurs. 
The technique may be invaluable in identifying microstructural and micro-
chemical events not found by other techniques. 
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